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Molecular quantum robotics: particle
and wave solutions, illustrated by
“leg-over-leg” walking along
microtubules

Paul Levi*

Forschungszentrum Informatik (Centre of Computer Science), Intelligent System and Production Engineering, Interactive
Diagnosis and Service Systems, Karlsruhe, Germany

Remarkable biological examples of molecular robots are the proteins kinesin-1 and
dynein, which move and transport cargo down microtubule “highways,” €.g., of the axon,
to final nerve nodes or along dendrites. They convert the energy of ATP hydrolysis into
mechanical forces and can thereby push them forwards or backwards step by step. Such
mechano-chemical cycles that generate conformal changes are essential for transport
on all different types of substrate lanes. The step length of an individual molecular
robot is a matter of nanometers but the dynamics of each individual step cannot be
predicted with certainty (as it is a random process). Hence, our proposal is to involve
the methods of quantum field theory (QFT) to describe an overall reliable, multi-robot
system that is composed of a huge set of unreliable, local elements. The methods of QFT
deliver techniques that are also computationally demanding to synchronize the motion
of these molecular robots on one substrate lane as well as across lanes. Three different
challenging types of solutions are elaborated. The impact solution reflects the particle
point of view; the two remaining solutions are wave based. The second solution outlines
coherent robot motions on different lanes. The third solution describes running waves.
Experimental investigations are needed to clarify under which biological conditions such
different solutions occur. Moreover, such a nano-chemical system can be stimulated
by external signals, and this opens a new, hybrid approach to analyze and control
the combined system of robots and microtubules externally. Such a method offers the
chance to detect mal-functions of the biological system.

Keywords: molecular robotics, biped walking on microtubules, motion of kinesin-1 and dynein alog axons and
dendrites, particles and wave solutions, neuro-robotics

Introduction

Molecular robotics, which operates on a nano scale, has in the last decade witnessed impressive
growth, (e.g., Murata et al., 2013). The current topics in this field are molecular machines
(Balzani et al., 2008; Roux, 2011; Fukuda et al., 2012; Seeman, 2014) and, even more important
in the context of this contribution, biped DNA walkers (Sherman and Seeman, 2004; Shin and
Pierce, 2004; Omabegho et al., 2009; Lund et al., 2010). In a previous contribution, the biological
process of muscle contraction by the “one-legged” motion of myosin II along actin-filaments
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has been described using QFT methods (Haken and Levi, 2012).
The results of different types of synchronization of multi-
molecular systems have been conclusive in the sense that beside
the more classical impact solution, two quantum mechanical
solutions exist that can describe the synchronization of billions of
unreliable molecules. This result can usually not be modeled by
pure classical particle solutions. Despite the theoretical existence
of these innovative solutions, knowledge of a great set of
experimentally confirmed data is unfortunately still now very
limited. Nevertheless, these theoretical outcomes encourage us to
continue with our quantum theoretical approach, since we are
convinced that in the near future confirming experimental data
will be available.

This paper focuses on a description of the “leg-over-leg”
motion of molecular robots along tubulin strands. These
biological nano-robots (motor proteins) walk along such lanes
in a four-step process, and are fueled by ATP consumption
(in physics, energy exchange with a heat bath) after the first
and third steps. From a system perspective, this denotes that
we are modeling an open system that is not in a thermal
equilibrium. The C-terminal domain, e.g., of kinesin-1, act as a
gripper and is attached to cargo, e.g., vesicles that are transported
along axons and dendrites, which are both connected to neuron
cell bodies. Very similar processes occur for the much larger
dynein, with two legs (in biological terms two “heads”), which
also transports vesicles along axons and dendrites. Due to this
similarity, this paper focuses on a general description of the
motion processes of both molecular robots. We abandon the
modeling of cargo transport in this paper for the sake of
understandability.

In this paper, a set of such molecules is regarded as a swarm
of molecular robots that must be configured, synchronized, and
in real time supported by energy to perform the next step (Levi
and Haken, 2010). Due to the utilization of a quantum theoretical
approach, such molecules can be described as particles or as
waves (according to matter/field dualism). The following three
different solutions are presented:

(1) Impact (stroke) solution of one molecular robot on a single
substrate lane,

(2) Coherent motion of many robots on and between parallel
substrate lanes,

(3) Running wave that synchronizes the motions of many robots
on one substrate lane.

In all three solutions, a local B-field is activated within a lane and
across different lanes. Such a field not only controls the process
of energy consumption but also, even more importantly, acts as
a signal field that synchronizes the steps of the molecular robots.
This field is generated by the molecular robots themselves and is
not externally injected.

The impact solution pertains to the motion of a single
molecular robot on one lane. Damping effects transform
the typical wave characteristics of a QFT approach to
particle behavior. The appearance of a sequence of impacts
pushes the molecule (particle) forwards or backwards step by
step.

The next two solutions plainly reveal the wave features of our
approach. The coherent motion solution distinguishes between
the individual robots walking on a lane and across the lanes.
In contrast to the second solution, the running wave solution
presents a result that can be obtained in special restrictive
conditions.

The Model

The “leg-over-leg” walking of a kinesin molecule (dynein) is
modeled as a bipedal molecular robot r, where the two heads
(light chains) are considered as two legs, and the “coiled-coil tail”
as an effector (Alberts et al., 2008). The track is a microtubule
surface (substrate lane), along which r moves in discrete steps.
During such a walk, a robot r can take one of four leg states and
one of two walking states:

Leg state a:
Leg state b:
Leg-over-leg state c;:

leg 1 or leg 2 points backwards.

leg 1 or leg 2 points forwards.

leg 1 is loosely bound to the top of leg 2,
which is tightly attached to the substrate.
leg 2 is loosely bound to the top of leg 1,
which is tightly attached to the substrate.

r is moving forward with leg 1.

r is moving forward with leg 2.

Leg-over-leg state c,:

Walking state 1:
Walking state 2:

Figure 1 shows the four different leg states.
The two legs are attached to the substrate in two different
connection states:

Connection state 1: leg 1 is tightly attached to position py of the
tubulin substrate and leg 2 is weakly attached
to site pg 4 1.

Connection state 2: leg 2 is tightly attached to site py and leg 1
is weakly attached to position py 1 of the
substrate.

The level of attachment to the substrate in these two connection
modes is defined by the two possible states of the substrate:

Ground state g: represents a weak attachment of a leg to the
substrate molecule.
represents a strong attachment of a leg to the

substrate molecule.

Excited state e:

The discrete periodic movement of the molecular robot r is
characterized by a four-step cycle (Figure 2) that starts with
the two leg states (la, 2b), continues with the transference of
these states in step 1 into the leg-over-leg state (1cj, 2¢;), and
is maintained by step 2, which produces the leg states (2a, 1b). In
step 3, the leg-over-leg state (1c,, 2¢;) is achieved, and finally, in
step 4, the states (1a, 2b) are again established.

The following notation is employed for the creation (or
annihilation) operators:

- .

Molecular robot r: rlegl statej positiony; leg, statey positionys’
T

€.g., rllapl; Lbpy*

. .
Substrate s: Sstatesposition> €8 Sgp,
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FIGURE 1 | Representation of the two leg states a and b and
the two leg-over-leg states cq{ and c,. The walking direction is
from left to right. For simplicity, we present in this diagram each

State a State b State ¢; State ¢,
bl [ Ll L] b
Xs  Xr Xr Xs Xr=Xs Xr=Xs

leg as tightly connected to the substrate (crossed circle). The
loosely bound states connected to the substrate are omitted (see
Figure 2).

step 1 step 2 step 3 step 4
la 2b leq 2¢, 2a b 2¢, lc, la 2b
k k+1 k+1 k+1 k+2 k+2 k+2 k+3

FIGURE 2 | Demonstration of one complete “leg-over-leg” cycle of a molecular robot r which walks along a substrate lane. The loosely bound states are
marked by crossed circles @ The tightly bound states are marked by striped circles @ The first position is fixed by k = 1; the initial state is (1a, 2b).

TABLE 1 | Representation of the motion patterns of a “leg-over-leg”
walking process of a molecular robot r.

leg 1 leg2 substrate operators
la 2b S:pgs;m niﬂpz:lszas:ms;m
lc; 2c; sgl’zsgﬁz n:czpsilzczpas;l’zs;PsBljs
% ps
'-:é, % 1b 22:( s;stgﬂz nzbm:lzallzs:ﬂzs;m
[=Y 3
E ey 2¢: S;p153pz rl:cmz;lquzsy*mﬂszgz
la 2b Stp1Sap2 Wk apritzbpz 5op153p2

§§§§§§§§i§§§i§§§§§§§3 : tightly bound; %/////////% : looseley bound; :| :leg up.

The initial state is (1a, 2b).

Table 1 subsumes the different individual motion patterns of the
two legs of r.

The energy transfer process (s —> ) occurs in steps 1 and
3 and is combined with the excited status of the substrate. In
addition, the heat-bath operators (“fueling” and synchronization
operators) B;,rk and B;k are applied in this walking phase. The
operator transfers during the four steps are summarized as
follows (readout from Table 1):

initial state step 1 “leg-over-leg” state

t T f T T T t
rllapl; 53 bpzseplsgpz rllcl P2 b pzsgplseszPZ'

“leg-over-leg” state step 2 reversed initial state

+ + b opt t + 1
rllclpz; lzclpzsgplseszPZ rl]bpj,; lzapzsepzsgp3'

reversed initial state step 3 “leg-over-leg” state
T Tt t t T af

T bps: hap, Sep2Seps ? Tlics pas b capsSepaSeps Bps-

“leg-over-leg” state step 4 initial state
t + b oot tot

1’11 2p3; lzC2p3 Sgpzsep3BP3 rlla P3; lsz4se ) Sg 7%

This transfer list of operators delivers the definition of the
interaction Hamiltonian Hj,; and finally the elaboration of the
resulting equations of motion.

Interaction Hamiltonian

The local interaction Hamiltonian Hj,; at positions to p; to py is
defined by expression 3.1, where the first step starts at the initial
site k marked in Figure 2. Further, two real coupling constants,
g1 and g, are introduced, where the parameter g; describes the
uneven steps and g, denotes the even steps.
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Hine = hgﬂzal,l; I bpzszpls;pzrllcl pai b cipaSg pySe p, Bpa
+ hgl g Py epz lTlcl paboap, SepSgpThap i h bPzB;Z
+ hgzrlm p2sha ,17254.S’|L1715g173 "hbps; b “pZB;-Z
+ therm; ) ﬂstgpssgplrllcl p2i b apa Bps

T T T
+ hglrllbm; b ap,%8 P25 e pySe p3S g pyTlica p3i b c2 ps By,

T T T T
+ hglrllcz p3ihcps SEPZSgPZSgP3SeP3rZIbP3 ihap, BP3
T t T
+ hgzrhcz p3; b p35g stgp4rllap3; L hp4BP3
T T
+ hgzrllum; Lbp,SepSemThe psib e 2, Bps- (3.1)

By the replacements py — pi, p2 — pr+1> etc, Hip
is transferred into Hj, y and has to be summed up by
k =1, 2, . All operators that are quoted here are Bose
operators. Generally, we should involve both Fermi operators
(anti-commutation rule) and Bose operators (commutation rule)
for the definition of Hj, and the resulting calculations of
the Heisenberg equations of motions. Here, we use only Bose
operators because in this case aggregations of molecules are
allowed since the Pauli Exclusion Principle does not have to be
applied. We neglect Fermi operators that depict supplementary
interactions of Fermions with Bosons.

Endowed with the Hamiltonian Hj,, the corresponding full
equations of motion have been calculated and are presented in
the next sub-chapter.

Full Heisenberg Equations of Motion

The full set of Heisenberg equations of motion is completed
by 7 damping constants, y,, etc., 7 fluctuating forces, F;rb,
etc., and two coupling constants, gj, g2, and is defined by the
following expressions, representing coupled nonlinear, delayed,

and complex operator equations.

1 _ t ot t ont
rlltlpk: Lbpk+1 181 [SePk Sepiher Pk+1i bl qpkHSngHSePkH BPk+1]

[ t t
T8 [Sgpkqsgf’kﬂrlm pri o pkBPk]

t t
- yabrllﬂka Lbpr 41 + Fab' (41)

1 _ tot t gt
Thbpiyr: hap, = 81 [Se?ksgpkrllcz Pr+13 lzCsz+1Sng+lsePk+1BPk+1]

T T
+ig [ng 18 Pkr They s e PkBPk]
T T
— Vb“rllhpk+1; bapi + Fab' (4.2)
-t T T
rllcl Pks L ca Pr lgl [ epk Sgpk—lrllupk,l; 13 bkangSePkBpk]

: T T
+ 18, I:Sng—lsngHrllbpkH; ha pkBPk:I

T T
+ Ya rllclpk; Leipy + Fcl' (43)

t

. tt t
rllcz Pks L Pr - lgl I:sgpk—lsepk,lrllbpk; L upk_lsepksngBpk]

. t +
tig [rlm pis b bPk+1$ng—15gpk+lBPk:|

+ ¥4, + FL. (4.4)

rllfz Pri b capk
=i st T,
g1 llapk, Lb ey, Seprg prySPhr1Tl et pry g ben P

BPkH]

Tt t o t
+ 18 I:rllfl pis by py Sepk—15g py_Sep Tl app_y: b py Bpk]
+ i rJr st B

82| b prya: o appy “8Pki2 hoer Py e prin P Py

T T

+ 1g2 [ ll cpr—1: herpr_y ng 2 llbpk’ ha pr_y Bpk—l]
+ i T T

g llbpk+1, L apy SeppSePk+1 5g p o Th €2 Pryys ez prya

BPk+1]

T T T

+ig I:rllCZPk b ¢ py SePk—15¢ pr_ e p Wb pi b pr— IB ]
+ 1 rJr T 7]

g2 hcapr—15 boca pr_y Sgpr_aTha pr_ s lePk pk 1

T §f
+ig I:rllukar], hbprss Sepira"he2 Py s ez prea B oy

+ FT (4.5)

- %S ng
- t ot
epr — 181 I:rllﬂpkfﬂ L b p, 8Pk—1%e py_ Sgpi™lh 1 i bacy i BPk]
+ i T T
gl llcl Pk+15 L ca Pr+1 ng gpk+1 e Pk llupk’ lszk+l
t
BPk+1]

[t to
+ 18 I:rllbpk; b ape_, 8Pk—1 Se 1 SgpiThh 2 pii haca pi Bpk]

T T
+ igy [ lch‘ng, b ¢ prys Sg pr5ePk+1 epkHrllek, ha pr_1

BEM] Vel p +FL. (4.6)
St T
BPk =% “rhapkﬂ: L bPkrllcl pi b2 e b

T T T
+ "opbap,_Thapiba Pk} Sepk—lsgpk’lsgpksepk]

. t
+ 18 I:[rllbpkH; b ap,her pii b2 c1 py

T T
T Thape b bp, The b ha Pk] Sng—lsngH]

— ys BY, +F}. (4.7)
To solve the Equations (4.1-4.7), we utilize the semi classical
approach and replace the operators by their expectation values
in a coherent state representation. In doing so, the operators
become complex numbers and the expectation values of the
fluctuating forces are zero.

Solutions

We start the description of the three a fore-mentioned solution
with the impact solution and are firstly searching for solutions
for each step separately. Later, one overall solution will be
outlined by combining all four separate solutions. We are hereby
concentrating on one robot walking on one lane. The walking
processes of several robots on different lanes will be explained in
the succeeding sections.
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Impact Solution: First Step

As mentioned above, the procedure begins with the first step
(Figure 2), at position k. The initial state is defined as (starting
with position k = 1):

[0Ct0) =14 1 St pySapy | B0) (5.1)

where | ¢g) delineates the vacuum state. The initial conditions of
all relevant states are:

(to) = 0. (5.2)
L, b, (t)) = 0. (5.3)

T _ T

"ha p1; hbpy (to) =1, rllclpz; heipa
T _ T _ T _
Sep, (10) = 1, 5g (t0) = 0,54, (to) =
B, (to) = 0.

Weset r/ . = 0in Equation (4.1) because this state is not
heprs he py

present. The resulting modified Equation (5.1) now reads:

t . tot t oot
"hapi;hbp, = 1 [SePngpl "heipa: lzclpzsgPZSeszPZ]
T
B yabrlla p1; bbp,” (54)

In a similar way, going through all remaining equations the
following reduced set of equations is obtained:

1 T
rllclpz; Lapy, — =ig [ Sep1Sgp1 rlla p1; lszz gPZSePZBPZ:I

T
= YaTle py: beaps (5.5)

4 ot t

Sepp = g1 [ "hapy:Lb p,Sep1SgpaSe prTherpa; lzfleBPZ] — VeSep1»
(5.6)

4 gt T T

Sgpy = ig1 [ Licr p2s b1 py Sep1Sg p Se p, Tl apy: lePZBPZ] VeSgpas
(5.7)

4 S T

Sepr = & I:rlClPZ heipz gPI Sgp2 Sep Thapr; lePZBPz] o EPl (5.8)

g t PN _

Sepy = ig1 [rllapl Lbp, Sgp1Sep1SgpaTher pys et pa BPZ] yfsepz'
(5.9)

pt
sz—

~.

T T T
1 llapl I bpy S8 P15gpaSe pySe patlict pai b Clpz] — v8Bp,.
(5.10)

4

Before presenting the complete set of numerical solutions for all
Equations (5.4-5.10), we prefer to assure ourselves that the right
solution can also be generated by analytical methods and not only
by numerical calculations. This should convince us that we are on
the right track.

The following approach (setting equally the robot-relevant
damping constants y = y,, = Ypy = Vo = Ve,» and neglecting
for the moment the damping of the B operator: yz = 0), delivers
a consistent, periodic solution for a walking biped molecular
robot:

T : —yt

Mhapiibbps = cos(fle”” rllClPZ l2c1p2 = sin(f)e”V". (5.11)

SZpl = cos(g), sgp1 = isin(g), sepz = cos(h), s;,rpz = sin(h).
(5.12)

T
B,,=b, b €R. (5.13)
By inserting these expressions into the Equations (5.4-5.10), four
coupled equations for the four variables f, g, h, b are finally
obtained:

f= ‘%sin (2g)sin (2h)b. (5.14)
o= %sin (2f)e™""sin (2h) b. (5.15)
h=— ‘%sin(Zf)e_ytsin (2¢)b. (5.16)
b= ‘%g sin (2g). (5.17)

The last equation can be directly solved by the technique of
separation of variables:

b(t) = —%

[cos (2 (1)) — cos (2g (1)) ] + b (1) . (5.18)
The calculation is started with the assumption that y = 0 is
valid in order to start with “perfect” symmetry. Afterwards, we
will switch to the damping process in order to observe how this
symmetry will be broken.

Incidentally, it is not surprising if all solutions of the Equations
(5.14-5.17) are periodic (wave-like) if the damping process is
switched off. Figure 3 demonstrates this prediction in a phase
portrait (Holmes et al., 2012) that also includes the expected
periodicity of the variable b (B-field):

Even if the general complex solutions of the Equations
(5.4-5.10) are calculated, symmetrical patterns are visible.
Figure 4 shows the real parts of all operators with the expected
symmetry. The imaginary parts show a very similar behavior;
therefore they are not presented here or in the next sections.

0.08
0.075 |
0.07
0.065
0.06
0.055 |
005 |
b 0.045
0.04
0.035
0.03 |
0.025

0.5 .
h 1 15

FIGURE 3 | Three-dimensional limit cycle defined by the three
variables b, g, and h. The initial point is marked by a cross.
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' Step 1 (Im=0): abpl  gamma=0.0 ’ Step 1 Im=0): clp2  gamma=0.0 ; Step 1 (Re=0): gpl ~ gamma=0.0 ’ Step 1 (Im=0): gp2 ~ gamma=0.0
I I | I I I I 1 I I i
09H | 09H -1 08H - 08 B
0sH | 0S8R -1 06R -1 0.6 -1
0.7H -1 04H - 04p- -
0.7H 1
0.6 -1 02R -1 02p -1
0.6 -
0.5 1 OfF / Of -1
0.5H -1
04 - 02 - -0.2f -
0.4H -1
0.3 -1 04 - 04 -
031 1 o2f - 06 - -0.6f e
1 > AUV 17 1
0.1 1 1 1 1 0 1 1 1 1 1 1 1 1 -1 i H " 1

0 10000 20000 t30000 40000 50000 0 10000 20000 30000 40000 50000 O
t

10000 20000 t30000 40000 50000 0 10000 20000 30000 40000 50000
t

Step 1 (Im=0): epl gamma=0.0 Step 1 Im=0): ep2 ~ gamma=0.0 Step 1 (Im=0): Bp2  gamma=0.0
i BRUBRERRL 14 | B B E— ‘ T T
09k - 1k -1 09R -
08k | 09F -1 08H -
0.8 -1 07H -
0.7 =1
07 - 06H ~1
0.6 =1
0.6 -1 O5H -1
05p- - gamma=0.0
05pF - 04H -
044 _ Step 1 (Re/Im=0)
04 -1 03H -1
03 7 oo3p - o02f -
0.1 | 1 | | 0.1 1 | | 1 | 1 |

cip2=r!
P ="lcipailaerps

0 10000 20000 t30000 40000 50000 0 10000 20000 l30000 40000 50000 O

FIGURE 4 | Temporal dependence of the real parts of all variables of step 1, with y = 0. The algebraic symbols are: abp1

,gp1 = sgm ,gp2 = 35/32' epl = s;rm ,ep2 = s;rp2, Bp2 = B;gz. The coupling constants are g4 = go = 0.1.

10000 20000 L300[)0 40000 50000

_d
l1apq;lobpy’

It is well known that processes without any damping are
artifacts. Therefore, we will now include damping processes.
Even if “perfect symmetry” is not realistic, it is worth taking it
into consideration since it serves as a kind of “roadmap” to the
new individual trajectories if y deviates from zero and becomes
positive.

Even if the damping constant is assigned the small value y =
0.0005 the symmetry (periodicity) will be broken. The limit cycle
shown in Figure 3 is dissolved and the trajectory goes directly to
zero (fixed point). The same happens with the general solution—
it goes directly to zero. Thus, in both cases a large y value should
be chosen.

If the value of y is continuously decreased, the ringing effect
increases along the trajectory to y = 0. Therefore, we can achieve

all possible trajectory patterns, from a direct path to zero to
complete oscillation (no damping).

Even if the value of the damping constant slightly diminishes,
to y = 0.0001, the first effect can be observed; after the first peak
the trajectory converges to zero (Figure 5).

The results of all remaining steps, 2-4, will not be presented in
the same detail as in step 1. Only the actual initial conditions and
the corresponding equations of motion are given. At the end of
this subchapter, we present all four steps in sequence.

Impact Solution: Second Step
The description continues with a presentation of the second step.
For reasons of clarity, we set k + 1 = 2; the initial state is

defined by:
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abpl (3.12) clp2 (3.13) gpl (3.14) gp2 (3.15)
1 T T T T T T T T T T T T 1 T T T T
0.6 - o6 4 03 7
0.6 -
4 05F - 05pF -1
0.4 -1
04} - o4} -
-1 0.2 -1
03 - 03p -
0 - —
T o2k - o2 —
02} -
0.1} 4 ol 4 o4k i
0 1 1 1 0 1 1 0 1 1 0.6 1 1 1 1
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FIGURE 5 | Damped temporal curves representing the real parts of the following operators of the first step: abp1 = r,1 apq:lobpy’ cip2 = rl1 1P2ilpcyPp’

gpl = s;p1 ,gp2 = s_:r,pz, epl = slp1 ,ep2= slpz, Bp2 = B,T,2 . The value of the damping constant is set to y = 0.0001. The coupling constants are g4 = go = 0.1.

_ t gt 1 _ Tt t
[9(t)) = "herps: lzflpzsePzBPZ | o) . (5.19) "heipyibap, ~ 82 I:Sgplsgp3rllbp34 IZ“PZBPZ:I T Valle prib ey
(5.22)

The initial conditions are:
i —igy |sT sy prt B! -y rr
+ + hb ps; L apy 82 | Sgp, S8 3711y p2; b apy P2 bal11b p3; Lap,
Mheps: ber pz(tl) =1, "hb ps: ba p, (t1) = 0. (5.20) (5.23)
T T T

Sep, (11) = 1,s,, (t1) =1,s,, (t;) =0. (5.21) d_ t t t

&n ") P2 @ &s ) Sgpr = 182 [rllbpsz Lapy*gp3Th c1p; IZCIPZBPZ] Vet (5.24)
Bl (t) =1. R

a4 [t t t]1_
Seps = 182 [”zl cipai by ¢1 py SgprThib pss ba szpz] VeSgps-  (5:25)

The Heisenberg equations of motion of the expectation values of -t . t t t
step 2 are: By, = ig, [’zlb p3i b apy 81 5gpsTher pai b CIP2:| — v8By,. (5.26)
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FIGURE 6 | Phase portraits of the real parts of the second step of the

T _
following operators: bap3 = ,1 apg;lpbpy’ cip2 = r,1 C1P2ilpcypa’

gpl1 = S;P1 ,gp3 = sgps, Bp2 = B;gz. The value of the damping constant is

bap3

Bp2

bap3

y = 0.0005. All trajectories vary after their starting points (marked by a cross
in the first figure) until they end up at the fixed point 0. The coupling
constants are g1 = go = 0.1.

Here, the damping process is turned on again at the beginning,
with y = 0.0005. Figure 6 shows the expected “ringing” effects
now represented in phase portraits.

Impact Solution: Third Step

The presentation continues with a description of the third step.
For reasons of comprehensibility better readability, we set k+2 =
3. The initial state is fixed by:

o
| ¢(t2)) ) rllbp3 ha p, ePz gp3 |¢O> (5-27)
In this case, the initial conditions of all states are:
T T
rl1bp3; b ap, (tz) =1, r11C2P3§ hes P3(t2) =0, (5.28)
Sip, (12) = L sfy, (1) = 0.5}, (12) = 0,53, () = 1. (529)
Bl () = 0. (5.30)

The Heisenberg equations of motion of the expectation values of
step 3 are:

t iy tot t gt
"6 p3; bap, = 81 [SePZSngrllfz 3 b c2 py 5803 5ep, BP3]

+
= Yba"l,b ps: bap, (5.31)
-t Tt
rllcz P3; hea py =ig [Sgp2 Sep, llbpa, Lap, Seps$ gP3BP3]
T

_ nyrllcz p3i b €2 s (5.32)

=i r Seps S1 T By, | — ¥ st

gpz g1 Libps;lh ap, EPZ ep3 Sgp3Th c2 p3ihaca ps Ops & °gp2-

(5.33)

T T T T T

81 [’zm p3: b 2 pySe25gpySeps Thb py: ba po Bps] T Ve Seps
(5.34)
e [T & oo o t]_,,

eP2 =ig I:rllcng, heaps Sgp28p3Seps TIhb p3; ba PZBP3] Ve Sepy-
(5.35)

_ T T T T

eps 81 I:rllb psihap, Sgp2 SepySgpsTh ca p3i hea p3 BP3] Ve Seps-
(5.36)
T T 1)

=ig [rlbp3 by ap, e psi b ca ps Sepy Sgpa S gp35€P3] — VB,

(5.37)
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Attention is drawn to the symmetry that exists between all
equations of motion of the first and third steps. Further, the

initial condition for sTp in step 3 is s, gpz () = O while in step
gpz (to) = 1 was valid. Slmllarly, the value sep2 () = lis

assumed in step 3, whereas sep2 (to) = 0 was correct in step 1.

Impact Solution: Fourth Step
The presentation continues with a description of the fourth step.
Here, we set 42 = 4, and the initial state is given by:

[6(3))) = (5.38)

rl1CzP3 heaps ePs P3 | bo),
where | ¢g ) defines the vacuum state. In this case, the initial
conditions of the two robot states are:

(t3) =1,. (5.39)

T _ T
rlle3§ Lap, (t) =0, rllczps; hey ps

The initial states of the substrate at the three positions p,, p; and
Py are:

sip, () = Lsh, () =1, (5)=0.  (5.40)

The heat-bath

T
Bl () =1
The relevant Heisenberg equations of motion of step 4 are:

operator satisfies the initial condition

t

— t t _ t
e, p3 boops T 182 I:sgPZSgp‘*rlla P3; lth4Bp3] Yeale p3ihcps’

(5.41)

ot o[t ot t]_ . t
"ha p3 bbp, — 182 I:Sgpzsgp‘l "he p3ihe p3BP3] y“brllapsi Lbpy*
(5.42)

4o o [t T o
Sepy = 182 [rlla pa: b bp, SgpaThice psi ber PSBP3] Y gS¢pa+ (5:43)

_ & t t
=i [ "hes pai b 2 py g2 Thaps: lsz4Bps] VS (544)

T
=ig [ ha ps; b bp,hce psi b c2 p3Sgp gp4] VBBp, - (5:45)

Impact Solution: All Four Steps in Succession

Now all four partial solutions are collected and put together into
one sequence. The first consecutive view describes the changes
in the four robot states during the four separate walking steps.
Figure 7 illustrates the corresponding real parts (imaginary parts
are again very similar, therefore their representation is skipped)
of the transitions of these walking states on a reduced scale of
5000 steps for better visibility. Clearly, two typical effects are
observable. The similar steps 1 and 3 are regularly performed
and go directly from their initial values to zero. Steps 2 and 4
also conform to this pattern, but one on a broader scale, because
step 4 shows for rlJEq priheips slightly more oscillations than for

Tapi:bbp, 11 step 2.
Figure 8 summarizes the sequence of the real parts of the

ground states of the substrate for all four steps. Here another
effect comes to light. The behavior of 5;},3 is different in step 2,

and during step 2 (see Figure 2), the ground state s;,rp3 does not
exist and has to be generated, whereas during step 3 this ground

state already exists and must be annihilated and transformed into
an exited state.

From a purely mathematical point of view, we have to
compare the two Equations (5.25) and (5.34) for s;,rp3 in the
second and third steps. In the second step, there is a strong
In Equation (5.34),

we mainly have to consider the dependence of s gp3 and szp3. The

mutual dependence between sTp and sJr

operator product sep, s‘;rpz is time-independent and self-consistent,
while substrate states g and e produced themselves reciprocally
(see also Figure 10). The three remaining bordering operators (2
r-operators, one B-operator) are equivalent in both expressions.

The next focus of attention is the behavior of the
synchronizing heat-bath operators B;Z and BL Here, we
consider at first the effect of the damping value yp = 0.001 and fix
all other damping constants to zero. Figure 9 reveals the behavior
of the overlay of the real parts (gray) and imaginary parts (red) of
these two operators. Concerning the real parts, both operators are
“strong” during steps 2 and 4 (the fueling process) and “weak” in
the two other steps. During step 1, B;Z starts with B;,rz (ty) = 0and
ends with B;z (t1) = 1. In step 2, it starts with this initial value,
B;Z (t) = 1, and ends permanently with B;z (t;) = 0. Such
interplay is valid in the same manner for B}L (t3). The trajectories
of the imaginary parts of these two operators are distinct in that
way that the real parts of these two operators in steps 2 and 4 are
no longer dominant.

The situation greatly changes if we decrease the corresponding
damping constant. Figure 10 portrays the temporal diagram of
the overlay of the real and imaginary parts of B;Z and B;,r3. The
contours of each step can be considered as an envelope around
the oscillating solutions.

The next two sections focus on wave solutions. Firstly, we
combine modes that synchronize within a lane and between
lanes (similar to light modes or laser modes, e.g., Haken, 1970).
Secondly, we present a solution that constitutes a running wave.

Synchronized Wave-based Motion

Coherent Motion on Parallel Substrate Lanes

It is assumed that there are M different lanes, and on each lane up
to L positions (lane length) are available. The different walking
lanes of robots are distinguished by the index m = 1, ..., M,
and the position of a molecular robot on lane m is denoted by
pm =1, , L. The B fields are also coupled in a lane and across
different lanes. Therefore, we introduce a new two-dimensional
vector [ by combining both parameters I = (m, p;,). This
combination modifies the Equations (4.1-4.7) by an additional
index, as e.g., demonstrated by the reformulation of Equation
(4.1):

t

) T
Phal; Lbl+(0.1) = 81 [Sel Sel"lc114+(0,1); b c114+(0, 1)1+ (0.1) Sel 4 (0,1)

t T t t
B 01 ] t1ig, [Sgl—(o,l) Sg+0,1) ey 11 1y 52131]

t T
= Yabl Tiar, bbiv0.1) T Fap. i (5.46)

Further, we define another two-dimensional vector k =
2w nj 27w njyq
(kj:7L],kj+1: L] ), nj, nj+1 = ...,—1, 0, 1,
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FIGURE 7 | Damped temporal curves representing the real parts of operators are introduced: abp1 = r/1 ap1:lpbpy” cip2 = r,1 C1PoilpCipp’
. 4 3 )
the four molecular robot oPerators that anle consecutively performed bap3 = r/] bpgilpany” c2p3 = ,/1 02P31200P3" The value of the damping
by the steps 1-4. The following algebraic equivalents for the selected constant is set to y = 0.0005. The coupling constants are g4 = go = 0.1.
. T . . . +

which defines a two d%mensmnal wave number Vect?r. .Thls =ig [Z [ hapw—1: Bbpm), m 1€t Pt Lo €1 por)om
second vector has been introduced since the operator B; will be :
developed by a plane wave approximation: T bp: 1y apm— 1), m T2 pmi b 2 pm),m}

T T
Sepy—1,m3gPm—1.m Sg m,mser,m]

. )
+ ng I:Zm {r(lleerl; L apm),m r(llfl Pm; L Cle)»m

The synchronization activities of the two heat-bath operators + o s st
(lmpm, Lbpp+1).m T2 pm lzczpm) m( Sgpm—15gpy 4 1,m

l*: 7 Z Bl (5.47)

BIT, B; on the molecular robots are described as external signal

field modes that are coupled by the constant J. — s, l BT ikl T BT ikl
We insert this hypothesis in the “parallel” extension of Z «/_ Zl/ Z
Equation (4.7), indicating that our approach now applies to (5.48)

parallel M lanes. This therefore implies that [/ is fixed and over o
all paths we sum up m at the various positions with respect =~ We multiply both sides of (5.48) with % > e and use the
to the ﬁx~efri position p,, of I. The use of the coupling constant orthogonal relation % Y k=KD — g5,
Jw for B, requests a summation along a lane and between

lanes: . 1
pt _ . ﬂk’
Bk’ = lgl [Zl,m ﬁ { (llupm 1 lszm) m llclpm, 153 Cle) m
gt L Z B ikl
1 ﬁ k k

(hbpm, b apm—1), m T2 pms b 2 pm), m]
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X

T t
Sepm —1,m5gpm—1.m Sg, m,mSEpm,m:I

i [Zl,m [

+

1
ikl r r
(11b pm v 1:bapy).m’ (et pmibacy pm).m

ﬁe

+

T t
+ "(ha pm: by bp 4 1).m T (he2 pm lzCsz),m} Sgpm—1. '”sgpmﬂ,m]
1 4 ~t 1 0
—ik'1 T ikl —ik' 1T
LTS He e L e
1 Y ~t 17
—ik'-1 T ikl
+ I Zl e Zl’ T Zk B e . (5.49)

The last, rather complicated term can be simplified if we
introduce the center of gravity x I4+17/2 and the distance
d = 1 — I'. Further, it is supposed that the coupling constant ]

where wy has the dimension of a frequency. We continue with
the simplification process and set

1 ik—K') 1
P = 7 Zz e VB, 1= Sk VB, (5.51)
if all damping constants are set equal to
VBl = VB- (5.52)
zt_ 1 —ik It
F, = 7 Zl e " IF]. (5.53)

Finally, after all these simplifications the resulting formula is
obtained:

=t 1 )
. . _ —ik'- 1| T
depends only on the distance J;y = J; and the lane length Lis By = ig1 ﬁ [Zl,m e {r(llapm—l; b bpw). m "0 pmi b c1 pm).m
defined by = LyL,. It follows that:
+
il —ik 1 + (WL b ap—1), m (12 P 2 Czp’")’m}
] b 1 : n.d
k+K)-5§
—e = 8 —_ Z el( 2 T T
Zl Z]/ ]dL kk! Ld d ]d Sepm_l,mSng—lam Sgpm,mSBPm,m
. 1 2y
— iK-dy _ i —ik 1|t
= L—d de Ji = wp (5.50) +ig, Nid I:Zl,m e [r(llhper1;lzapm),mr(llcl Pl €1 pm)om
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FIGURE 8 | Damped temporal curves representing the real parts of equivalents for the selected operators are introduced: gp2 = sgpz, gp3 =
three selected substrate operators (ground states) that are 5503' gp4 = 35;94- The value of the damping constant is set to y = 0.0005.
consecutively performed by steps 1-4. The following algebraic The coupling constants are g4 = go = 0.1.
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FIGURE 9 | Damped temporal curves showing the overlay of the
real (gray) and imaginary (red) parts of the operators B;r, and B;r, ,
which are consecutively outlined through steps 1-4. The algebraic
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equivalents of the selected operators are: Bp2 = BTZ, Bp3 = ng' The
damping constant is set to yg = 0.001. The coupling constants are

91=9g2=01.

T t
T T purs b bpn 1) (2 pc b fzpmhm}sgz’m—l» msgpmﬁ,m]
(5.54)

»t =t »t
-y Bk’ + Fk’ =+ a)k/Bk,.

The basic solution to Equation (3.67) can be achieved if only
the term kK = 0 that corresponds to the mode with an
infinite wavelength is kept. We will now solve this “reduced”
equation.

]LBT . 1 +
0= lglﬁ Zm r(lmpm—l; I bpm), m T(lict pm; b c1 pm).m
T
+ r(llbpm; b apm—1), m T(liea pms b Czpm),m]
T T
X Sepy_1,m3gPm—1,m Sgpm,msepm,m]

.1 T
+ IgZﬁ [Z m ir(llbpm+l§ lzapm),m r(llfl Pm: [7) Cle),m

T T
+ T(ha puily bpm 4 1).m" ez pmily Csz),m} Sgpm—1,m Sgpmﬂ,m]

— yBl+ B} + woB. (5.55)

The last term, woBg, can be deleted in the interaction

representation and the expectation value of E;r can be ignored.
These two modifications lead to the following equation:

By = lglﬁ [Zm {r(llﬂpmle L bpm), m T(her pm: b c1 pm).m

+
+ r(llbpm; b apm_1). m T(hea pms b 62pm),m}

T i
X Sepy_1,m5gPm—1.m Sgpm,msepm,m]
L1 T
+ lgzﬁ [Z m {r(llb[’m+1§ bapy).m T(her pms b ¢1 pm)sm

T T
+ r(llu LhL bpm+1),m r(IICZ Pm; ) CZPm),m} Sgpm—l’m sgpm+1,m]
— Bl (5.56)

Comparing the result of Equation (5.56) with the original
expression (4.7), two main differences are immediately
observable. At first, the two coupling constants, g; and g,
have to be replaced by g 7 and gzﬁ. Second, there is

1
T
a summation over all lanes m = 1,..., M. The elaborate
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FIGURE 10 | Damped temporal curves showing the overlay of the real
(gray) and imaginary (red) parts of the operators B;§2 and B;r,a, which
are consecutively outlined through steps 1-4. The algebraic equivalents
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of the selected operators are Bp2 = B;Z and Bp3 = B;SS. The value of the
damping constant is yg = 0.0001. The coupling constants are

g1 =90 = 0.1.

calculations of this subchapter show that the synchronization of
motion can easily be accomplished (at least for Eg ) by replacing
the coupling constants and performing an addition of all lanes at
the same positions.

Running Wave Solutions

We again concentrate on a single robot that moves on a lane
and restrict ourselves for simplicity to step 1 since the remaining
steps can be handled very similarly. Furthermore, the damping
constants with respect to the molecular robot are equaled: y ,, =
Yba = ¥, the damping constants of the substrate are inoperative:
Y¢ = Ve = 0, and the damping constant of the B-field is
assumed to be effectively y 5 # 0. The positions on the lane are
Pr =k, pr1 = k+1,.. Under these assumptions, the approach
that guides us to a running wave solution is formulated as follows:

T _ pt JiK/(k+1)
"ha pe: bbpeyy = R, , (5.57)
_ pt iK/(k+1)
Thet pess bepess = R e , (5.58)
t _ ot iK/k
Sepe = Sge , (5.59)

s;rpk = SIeiK/k, (5.60)
t _ Tt iK/(k+1)
Seprss = Sge , (5.61)
Sy, = Spel/EED), (5.62)
T _ pt iK/(k+1)
Bl =B}¢ : (5.63)

where K is a real variable that will be later defined.
Insertion of these expressions into the Equations (5.4) and
(5.5) provides the following formulas:

ot ‘2 K/ (k T
R, = ig1S.S] 5;SIR! Ble™®/ (k1) _yRT,
T

= igiD R] BleX/(t) _ RT (5.64)
. . ~t= —iK/(k+1)
RII = ngSISgS;SeRZbBbe - )/Rj1
. —iK/(k+1)
= zngTRZthe — yRII. (5.65)

In doing so, we introduced the following abbreviations:

Dy =SS} = 8IS, D, = 58] =58, D= DD, = D,Dy.
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FIGURE 11 | Undamped temporal curves, showing the real parts of the operator products Dy, DI (abridged to D1k), Do, D; (abridged to Dyk), D, pt
(abridged to Dk) and B;zsz, consecutively outlined for step 1. The damping constant is y = 0, the coupling constants are constant: g4 = go = 0.1.

The corresponding bosonic operators (and Hermitean adjoint
operators) commutate, thus they can be interchanged.

Figure 11 shows the -like peaks of these operator products at
the same time slots. At the same time, e.g., the ground state g
will be annihilated and the exited state e created. The periodicity
of this self-consistent process is due to its calculation without
damping (revealing again the original mathematical symmetry).
In a more realistic case, damping effects are activated and the
curves converge after the first peak to zero. Therefore, for a fixed
time f, both the real and imaginary parts of D and/or D' are
constant expressions.

In the next step, we reformulate the Equations (5.6-5.10) by
including the D-terms:

$! = igiSIDR, Re, Bye </ *+D — s (5.66)

S = igiSIDaR R B e — st (5.67)
§; = igiSIDIR] Ry BN/ 04D — 31 (5.68)
5 = i SIDIR! Re, Bye /041 — 5T (5.69)
B = igyD'R!, R, e /*+D) _ T, (5.70)

The calculations are continued by substituting the three
operators sz, RII and BZ by

Tt oyt pt _ t VE ot byt
Ry =pge " Ry =pye . B, =p,e .

(5.71)

The derivatives of the first two expressions read as follows:

t_ oty toat oty
Ry = bape 4 = YRy Ry = e

t
—yR. (5.72)
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Insertion of i’;rb in (5.64) provides the expression

£l = igDe™ (pl o] ) X/ 04D = igi Ge= et (o] ]}
(5.73)
where ¢ = 0 and both ¢ and G are real.
By inserting RII in (5.65), the following expression is obtained:

—iK/(k+1) G

= iglze’*"e‘”t ((p;rhph) .

(5.74)
It follows, by insertion of BZ, given by Equation (5.71) into
expression (5.70), that

) . _ t
ol =Dl (ploy) e

p-;r = ingTe_(zy_yB)t (P;rbpcl) e iK/(k+1)

G oy
Elgliez(/’e 2y VB)t(p;'bpq). (575)

To reproduce the r.h.s. of these three Equations (5.73-5.75), the
following assumption is pursued:

F(t)

poe 2

) F) 5
F@t) .t e zga’p;' = poe ? eZup’

s Pey = (5.76)

+
Pap = Po€

where F (t) = fot G (1) dt, pg = const. € R.
With this ansatz the derivatives of the three operators p;rb, ,oCTl,
pg can be cast in the following form:

. . 1 —i
Pl = iGpl, =iG— (ol pl) e, (5.77)
Lo
G G 1
4 _ .Gy t
by =igpa =iy - <Pab/0b) e, (5.78)
R ,G t G 1 T+ .
by =15 Py =5 (pabpq) e (5.79)
From expression (5.83), the value of G is concluded as:
poRe (D) K/ (kD) giv — . (5.80)

Both sides of this expression should be real, therefore the
exponents must be zero: ¢ = —K/(k 4+ 1) and ppRe (D) = G.
A second solution is formed by the same ¢ but with ppRe (D) =
g. This last result comes from the two Equations (5.74)
and (5.75).

Due to the determination of the two variables ¢ and K,
running wave solutions of the molecular “leg-over-leg” walking

T
can be expressed for the three operators Tha pis b py> Ther pas beups’

B;z in the conventional form (k = 1, 2,..; G = poRe (D) =
const.):

r _ oi(Grmp(k) ot
rllapk; bbpe, — € pPoe , (5.81)

i — i(Gt—p(kt1)) [ =7t
rllcl Pk+1: bapeyr — e pPoe s (582)

t+ _ i(Gt—p(k+1))
Pesr €

poe VBT, (5.83)

Such a solution is not surprising because it is well known that
a composition of different modes (more than only the ground
mode k = 0) can generate running waves (see Section Coherent
Motion on Parallel Substrate Lanes).

Discussion

The central goal of this contribution was to support the
hypothesis that quantum mechanical effects in molecular
biology—especially in human brains—cannot be neglected.
This assumption is mainly justified by the size of the
interacting objects (nano size) and by the experimental
results showing that even greater molecules up to about 100
atoms can demonstrate quantum behavior, e.g., in double-
slit experiments (Haken and Levi, 2012). The nano size
argument is further supported by the established experimental
technology to construct molecular machines and walkers
from DNA.

The most striking results to emerge from the produced
solutions is that neural processes like the motion of molecular
robots (kinesin and dynein) in axons and dendrites can be
modeled by an approach that is particle-based (impact solution)
or purely wave-oriented (synchronized modes solution and
running wave solution). In addition, wave-based solutions also
seem to be very relevant for the interactions between different
neural layers.

We are aware that our predictions suffer from limitations
and have to be considered as a first, basic approach due to
the following three reasons. Firstly, the number of the many
parameters (in total 16) was reduced to four (two coupling
constants and two damping constants). Secondly, there are
still not enough experimental data to fix the values of the
last mentioned four parameters or even the great set of all
relevant available biological data. Thirdly, a greater number
of experimentally approved parameters could lead to a higher
generalization of the achieved results.

A first extension of our approach could be the integration
of tunneling effects, the inclusion of fluctuation forces, and
the consideration of the cargo transport. All these additional
considerations would greatly increase the predictive power of
the outlined model. In this way, it would be feasible to describe
e.g., the walk of a molecular robot along the DNA and the
transcription of a nucleotide into RNA, whereby for each step the
effective potential barrier must be tunneled.
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